Summary: Local CBF (LCBF) was compared with the corresponding local tissue concentration of ATP, phos phocreatine (PCr), and lactate in anaesthetized baboons subjected to focal ischaemia produced by middle cerebral artery occlusion (MCAO). LCBF hydrogen electrodes were implanted in cortical regions where MCAO had been previously shown to produce severe and penumbral ischaemia and in posterior regions where blood flow is not altered. Metabolites were assayed in small tissue samples collected either by cryoprobe biopsy in the re gions where LCBFs were measured (series I) or by sam pling appropriate regions of the rapidly frozen brain (series 2). Subsequent topographical study of brain tissue pH with umbelliferone was performed in this latter series. The results from these two series are compared and dis-Previous work from our department and else where has delineated thresholds for various physio logical parameters at different levels of local CBF (LCBF) corresponding to differing degrees of cere bral ischaemia (Table 1) . Results indicated failure of cortical neuronal function at flows between 16 and 12 mllmin/l00 g (Branston et aI., 1974; Heiss et aI., 1976) , while disruption of cellular ion homeostasis, often referred to as membrane failure, was shown cussed in terms of the more appropriate way to perform simultaneous electrode measurements and analysis of tissue samples for studying focal ischaemia in the primate brain. They confirm that the concentrations of AT P and PCr decrease, and that lactate level increases, with de creasing blood flow. These metabolites tended to change more rapidly below a blood flow threshold, rather than showing a steady decrease as the blood flow was re duced, although the variability of the data precluded us from establishing this with confidence. Topographical study of tissue pH often showed sharp boundaries be tween zones of very low pH and regions with normal pH. Key Words: Cerebral blood flow-Cerebral ischaemia Energy metabolism-Hydrogen clearance-Lactic acid -Middle cerebral occlusion.
to occur at significantly lower flows (Branston et aI., 1977; Harris et aI., 1981) . The membrane failure flow threshold appeared to be closely associated with the development of infarction (Symon and Brierley, 1976; Morawetz et aI., 1978) ; however, the development of structural cell damage was time dependent, whereas functional impairment oc curred immediately after reduction of flow below a certain level (Astrup, 1982) . Brain swelling was shown to occur with flows as high as 20 ml/min/IOO g, provided this level was maintained for at least 90 min (Branston et aI., 1980; Bell et aI., 1985) . Fi nally, extracellular pH was found to decrease pro gressively from levels of blood flow as high as 20 mllmin/lOO g in baboons (Harris et aI., 1987) and as high as 30 mllmin/l00 g in rats (Harris and Symon, 1984 Astrup (1982) Two series of experiments were undertaken in baboons subjected to focal cerebral ischaemia pro duced by middle cerebral artery occlusion (MCAO) to relate tissue concentration of high-energy phos phates [ATP and phosphocreatine (PCr)] and of lac tate to the established flow thresholds. Our aim was to verify whether blood flow thresholds exist below which ATP and PCr decrease and to determine whether a progressively increased tissue concen tration of lactic acid was related to the progressive extracellular pH decrease observed in previous ex periments (Harris et aI., 1987) . In series 1 experi ments, tissue samples for biochemical assay were taken by cryoprobe from the area within a small tri angle of recording electrodes. In this case the cal culated flow for the observed area is necessarily averaged. The series 2 experiments were designed so that the samples were centered upon one area in which one or two LCBF electrodes had been placed, but with an ensuing risk of tissue damage. The results from these two series are compared and discussed in terms of the more appropriate way to perform simultaneous electrode measurements and analysis of tissue samples for studying focal isch aemia in the primate brain.
MATERIALS AND METHODS
Baboons of either sex in the weight range of 5-8 kg were prepared for MCAO, and measurement of LCBF was performed using the hydrogen clearance technique. Animals were premedicated with atropine (atropine sul phate, 20 f.lg/kg i.m.; Antigen Ltd.) before inducing an aesthesia with ketamine (Ketalar, 10 mg/kg i.m.; Parke Davis) and thiopentone (thiopentone sodium, <20 mg/kg i. v.; May & Baker). They were then intubated and con nected to a Starling pump delivering pure oxygen at the appropriate rate and stroke volume to keep Pco2 within the range of 35-45 mm Hg. Anaesthesia was maintained throughout the experiment with a-chloralose (60 mg/kg i. v.; BDH Chemicals Ltd.) and the animals paralysed with gallamine (Flaxedil, 1 mg/kg i. v.; May & Baker) re peated as necessary. Systemic Pao2, PaC02, and pH were frequently monitored, and both pulsatile and mean sys temic arterial blood pressure (MABP) were continuously recorded from a femoroaortic catheter and strain gauge (model p23Gb; Statham). Body temperature was main tained at 37°C using a feedback-controlled heating blanket.
Craniectomies and implantation of LCBF electodes
In the first series (n = 13), the dura overlying the right cerebral hemisphere was exposed by an extensive cra niectomy extending from the Sylvian opercula to the par asagittal region and including part of the occipital lobe. The dura was reflected and 24 platinum electrodes in serted into the grey matter over the exposed portion of the hemisphere for LCBF measurements by hydrogen clearance (Pasztor et aI., 1973) . The electrodes were placed in regions of cortex where MCAO has been pre viously shown to produce severe and intermediate de grees of ischaemia (areas A and B) (Symon et aI., 1974) and in posterior regions where blood flow is unaff ected by MCAO. Electrodes were implanted in groups of three, in a series of equilateral triangles (�6-mm side length), each electrode group implanted in an individual cortical gyrus. Electrical connection to these electrodes was made by fine insulated wires, permitting free movement with the cortical surface, while movement relative to the cortex was prevented by a small epoxy ball from which the plat inum wire protruded. As soon as all the electrodes were implanted, the cortex was covered with a pool of warm liquid paraffin (Evans Medical Ltd.).
In the second series (n = 8), four narrow rectangular coronal craniectomies were opened, three (13 mm apart) over the regions of the cortex where MCAO had been shown to produce ischaemia and one in the opposite hemisphere (control). Electrodes were implanted cra niectomy by craniectomy using a temporary electrode holder to maintain them in position in the exposed grey matter before sealing them in place with methyl methac rylate bone cement (Microlok; Howmedicia UK Ltd., London).
The exposed cortex of all animals was frequently irri gated with warm saline during the preparation. A large Ag/AgCI electrode was placed in the animal's mouth to serve as a reference for the electrode system. Hydrogen clearances were recorded on multichannel chart re corders and all signals digitized and stored on-line using a microcomputer .
Experimental procedure
After completion of the surgical preparation, a 30-min stabilization period allowed the systemic parameters to normalize. A 45-min control period followed during which control LCBF measurements were performed.
Animals in the first series were subjected to a 90-min ischaemic period. Immediately after the last LCBF re cording, the paraffin was removed and the cortex and electrodes were carefully rinsed with warm saline. The electrodes were then gently removed, group by group, and a sample of cortex corresponding to each electrode group was instantly frozen and collected by cryoprobe biopsy. The cryoprobe (Spembly 140 Cryo Unit, 4-mm probe diameter; Spembly Ltd., Andover, England) was gently applied for 5 s in the centre of each electrode tri angle.
The ischaemic period was shortened to 35 min in the second series and, in four of the eight animals of this group, MABP was lowered to -60 mm Hg to enhance the ischaemia. The experiment was terminated by freezing the brain in situ with liquid nitrogen, using a special sty rofoam box fitted around the animal's head (Yang et a!., 1983; Obrenovitch et a!., 1988a) . Following 15 min of liquid nitrogen head immersion, during which breathing and MABP were maintained, the animal was decapitated and the head immersed in liquid nitrogen. The brain was then removed from the skull using a chisel and a pneu matic oscillating saw (type DI70-L; Desoutter Ltd., London) in an open-top cryostat at -2Y C (type OTF; Bright Instrument Ltd; Huntington, England). Small tissue samples including one or two electrode sites were selectively collected during a topographical analysis of tissue pH (see below) in regions devoid of sharp pH change interfaces.
Analysis of A TP, PCr, and lactate
Measurements of ATP, PCr, and lactate were per formed on each small frozen sample, collected either by cryobiopsy (series 1) or more selectively in areas of rela tive homogeneous pH of the frozen brain in situ during topographical analysis of tissue pH (series 2). Tissue sample weight was 37 ± 6 mg (mean ± SEM) in the first series and within the range of 7. 2-19 mg in the second. Neutralized perchloric acid tissue extacts were analysed using spectrofluorometric enzymatic techniques (Lowry and Passonneau, 1972) . The protein content of each tissue sample was also determined, using the method of Lowry et al. (1951) as modified by Miller (1959) , to allow metabolite concentrations to be expressed as micromoles per 100 mg protein.
Topographical study of local brain tissue pH
The frozen brain was split along the midline and isch aemic and control hemispheres mounted with embedding medium on separate object holders. Twenty-micron co ronal sections were sliced with a cryomicrotome (type OTF/AS; Bright Instrument Ltd.) in planes 1 mm apart covering the brain regions where the hydrogen electrodes had been implanted. They were immediately processed for semiquantitative surveying of local tissue pH using the umbelliferone technique (Welsh et aI. , 1982; Csiba et al., 1983) . In this method, brain sections are brought into contact with umbelliferone-impregnated cellulose-acetate membranes and the 450-nm fluorescence that follows ex citation at 370 and 340 nm is recorded photographically. Umbelliferone fluorescence increases with increasing pH under 370-nm ultraviolet illumination, whereas it remains fairly constant under 340-nm excitation; on the basis of these properties, Csiba and colleagues proposed the use of the difference in the local optical densities of the 370and 340-nm pictures to measure pH. In the course of pre liminary experiments, we observed that this correction with the 340-nm picture was not necessary, provided the illumination of the brain tissue sections and the impreg nation of cellulose-acetate membrane were uniform; the 340-nm exposure was therefore omitted. The location of the hydrogen electrodes was carefully marked during the topographical analysis of tissue pH, which later allowed us to precisely relate local tissue pH to the site of the blood flow measurement. Only electrode sites that were located in regions with homogeneous tissue pH were con sidered. Local pH was determined by densitometry of the 370-nm fluorescence picture, related to pH through cali bration with umbelliferone solutions as proposed by Csiba et a!. (1983) . Film densitometry was carried out using a built-in-house spot densitometer similar to that described by Dauth et a!. (1983) .
RESULTS

General physiological measurements
Arterial blood gases remained within the normal range throughout the experiments (Tables 2 and 3) . MABP was significantly lower during the ischaemic period only in the four animals of the second series that were subjected to MCAO and hypotension (bleeding) ( Table 3 ). In some experiments in which blood glucose, urea, and electrolytes were mea sured, a mild hyperglycaemia was found at the end of the experiment but this remained statistically in significant (data not shown). A small increase in all the plasma electrolytes assayed was also observed, probably indicating a mild progressive dehydration, which never reached a serious level.
CBF rates
In the series experiments, the mean control LCBF was 113 ± 17 ml/min/100 g (mean ± SEM, n = 6). This is higher than the level found in previous series (Pasztor et aI., 1973; Branston et aI., 1974 Branston et aI., , 1977 Symon et aI., 1974) . A wide variation in post occlusive flows was available depending on the site of electrode placement, and, as previously ob served, appreciable differences could be obtained with electrodes within the 6-mm placement of each other. Among 62 groups of electrodes, 15 had an SEM of < 10% of the mean and 43 of <20%. Elec trode flow measurements remained approximately within the same range throughout the ischaemic pe riod (Fig. 1 ), but at 90 min there was a small but significant increase in CBF in 96 measurements originally <50 mllmin/lOO g. CBF at 24.4 ± 1.I mil min/100 g 2 min after MCAO rose to 29.2 ± 1.0 ml/min/lOO g 90 min after MCAO (p < 0.0001, paired t test). Control flows in series 2 were 87.6 ± Values are means ± SEM (n = 6). a Paired t test: p < 0.0001. In four of eight animals, hypotension by bleeding was superimposed on MCAO.
6.9 mllmin/100 g and no change was detected over the 35 min following occlusion.
Lactate and high-energy phosphate levels
The relationships between local tissue concentra tions of these metabolites and rates of local blood flow are shown in Figs. 2 and 3 . In series I, PCr showed a tendency to decrease when LCBF had decreased to below �50 mi/min/100 g (significant decrease with LCBF of less than �37 mllmin/lOO g), whereas a significant decrease in ATP was not observed until blood flow was below � 12 ml/minl 100 g (Fig. 2) . Lactate also remained near control levels until flow had decreased to below 30 mllminl 100 g (significant increase with LCBF of less than � 15 mllmin/100 g). In this series of experiments, the lactate concentration within normal blood flow regions was rather high.
The experiments of series 2 gave a slightly dif ferent pattern (Fig. 3) . PCr control levels, which had been normal in series 1 (2.5-3 J.Lmolll00 mg protein), were abnormally low in series 2 (1-1.5 J.Lmoll100 mg protein). This could result from tissue damage by electrode placement in the identical tissue sample from which metabolic measurements were subsequently made. In this series PCr and ATP did not decrease significantly until flow rates were �20 mllmin/l00 g and lactate began to in crease at about the same level.
Topographical study of tissue pH
To pographical study of tissue pH was performed in seven animals in series 2. Most animals showed typically sharp boundaries between zones of low pH and regions with normal pH. Less often regions with homogeneous medium acidic pH could be found, preferentially located in the depths of the sulci (Fig. 4) .
The relationship between local tissue pH and blood flow in the cerebral cortex in series 2 experi ments is shown in Fig. 5 , data compiled exclusively from measurements performed in grey matter of the cortex located on the surface of the brain where freezing artefact is likely to be minimal (Obreno vitch et aI., 1988a) , and only electrode sites within zones of relatively homogeneous local pH were considered. There was a significant decrease of total tissue pH at blood flows in the range of 20-30 mllmin/100 g and a further steep drop of pH in the range of 10-20 mi/min/100 g. The relationship be tween local tissue pH and brain lactate concentra tion (Fig. 6 ) confirms that brain tissue acidification in ischaemia is at least partly related to lactate ac cumulation.
DISCUSSION
Matching flow and metabolic parameters
A characteristic of flow measurements by any technique of inert gas solution is the necessity to average over the area of detection of the electrode. Our own work suggested that the hydrogen elec trodes used in the current study would be insensi tive to changes in hydrogen concentration sepa rated by 2 mm of brain tissue in the absence of blood flow. Important diffusion effects, however, can be observed during prolonged hydrogen clear ance and probably contribute to significant artefact at low flow levels (von Kummer et aI., 1986) . The ultimate spatial resolution of 2 mm was also a con clusion reached by Halsey et al. (1977) and Pearce and Adams (1982) , though more recently von showed the possibility of detection of differences in tissue perfusion of a higher spatial resolution. It is nevertheless apparen.t that selection of tissue samples will involve the re lation of metabolic components over a finite area to blood flow over a similar finite area, and that both measurements will average differences in the tissue sample.
The major problem of the first series arises from averaging of the flows from the three electrodes de fining each equilateral triangle, this average being then associated with the metabolites measured in the tissue sample taken from the center of the tri angle (see Materials and Methods). Both averages are of necessity potentially compounding dissimilar microdata. Nevertheless, the pattern of metabolite change obtained with this series, i.e., ATP tending to be protected at the expense of PCr, is in line with numerous previous studies (see below), and the control PCr levels are reasonable at the equivalent of 2.5-3 f,lmol/g (Fig. 2) . In the second series, the major drawback of sampling directly from the sites of electrode implantation has been the likelihood of minor damage produced by electrode insertion it self, which could have contributed to the abnor mally low concentration of PCr (Fig. 3) .
Comparison of the two methods, therefore, en- abIes the conclusion that the first series, cryosam pIing with averaging of flow and metabolic constit uents, probably results in a less than point-to-point relationship between these parameters, while in the Note that, in normal regions, the white matter always appears darker than the grey matter. We do not believe this indicates a difference in pH; instead, preliminary experiments suggest that it probably originates from differences in the amount of umbelliferone dissolved in white and grey matter. Often, white matter was found to be selectively acidic, and sharp boundaries existed between zones of very low pH and regions with normal pH. Less often, regions with homogeneous medium acidic pH were observed. The white line corresponds to 20 mm and indicates the midline of the brain.
second group the specific allocation of metabolic measurements to the immediate area of hydrogen electrode implantation carries a disadvantage of potential tissue damage. On the basis of these latter data, we conclude that the cryobiopsy technique remains the more appropriate technique for corre lating LCBF measured with the hydrogen clearance method to concentrations of any substrate mea sured on tissue samples in the study of focal cere bral ischaemia. The second method would appear to be the best for correlation of parameters mea sured either with topographical techniques or 7 . 5 co 7. (LCBF). Local tissue pH was determined using the umbelli ferone technique and blood flow was measured by hydrogen clearance. Data (filled circles) represent the means ± SEM (nos. are nos. of cases) for LCBFs within the following windows: <5, 5-10, 10-20, 20-30, 30-40, 40-50, 50- chemical analysis of tissue samples following freezing of the brain in situ, remembering that only the structures located at a depth of less than � 10 mm from the brain surface can be truly regarded as representative in a large animal brain, even with a careful freezing method (Obrenovitch et aI., 1988a) .
Changes in high-energy phosphate, tissue pH, and lactate with LCBF The data obtained with series 1 showed that PCr tended to remain at control levels until LCBF had decreased to below 40-50 mllmin/iOO g, whereas a tion of lactate. Local tissue pH was determined using the umbelliferone technique, whereas lactate was assayed enzy matically in samples collected from corresponding regions during the pH mapping study. Data (filled circles) represent the means ± SEM (nos. are nos. of cases) for lactate con centration within the following windows: <2, 2-4, 4-6, 6-8, 8-12, 12-16, 16-20 , >20 /-Lmo1/100 mg protein. The open square corresponds to measurements performed on the control side. Paired t test: 'p < 0.05; "p < 0. 001. significant decrease in ATP was not observed until blood flow was below 20 mllmin/100 g. Thus, in line with previous results on global ischaemia in vivo in small animals (Lowry et al., 1964; Nilsson et al., 1975; Siesj6, 1978; Mrsulja et al., 1986) and with nuclear magnetic resonance (NMR) studies with brain tissue homogenates (Cox et al., 1983 ) that clearly demonstrated that the depletion of PCr pre cedes that of ATP, the present study suggests that ATP is maintained at the expense of PCr at inter mediate rates of blood flow. Lactate remained near control levels until flow had decreased to 20-30 mll min/100 g, but a significant increase of lactate was found only with blood flows below 10-20 mllmin/ 100 g (Fig. 2) . LCBF/energy metabolism thresholds cannot be assigned precisely because of the large variability of our data. However, our results are in agreement with those recently reported by Crockard et al. (1987) and Naritomi et al. (1988) . Crockard's group combined measurements of LCBF with H 2 clearance in brain regions of gerbils subjected to unilateral or bilateral carotid occlu sion, with measurements of phosphorus metabo lites, intracellular pH, and lactate made by 31p and lH NMR spectroscopy . Their study revealed a threshold effect in the metabolism of cerebral tissue with CBF under 20 mllmin/100 g . Naritomi et al. (1988) com bined autoradiographic measurements of LCBF with 31p and 2 3Na NMR; they found that PCr and ATP began to decrease at a CBF level of 18-23 and 12-14 mllmin/100 g, respectively.
A significant decrease of total (intra-and extra cellular) tissue pH was detectable in the second series of our study, when corresponding blood flows were in the range of 20-30 ml/min/100 g. A further and steeper fall in pH was observed with flow in the range of 10-20 mllmin/100 g. Previous work from our department with the same model has shown that there was no change of the extracellular pH with flows above 20 ml/min/lOO g (Harris et al., 1987) . Considering the variability of both methods, however, the umbelliferone technique for quantita tion of tissue pH, and the variability of pH elec trode data in relation to flow, one should not con clude that in the intermediate area of reduced blood flow of 20-30 mllmin/100 g the predominant aci dosis is in the intracellular space, where H+ ions are generated (Siesj6, 1985) . On the contrary, indi rect evidence obtained with the Pulsinelli rat model of cerebral ischaemia supports the concept that, as long as transmembrane ionic homeostasis is pre served, the buffering capacity of the intracellular space, together with activation of the Na+/H+ and HC0 3 -/Cl-exchanges that regulate H+ i to the detriment of H+ e' may lead to a more rapid acidifi cation of the extracellular space (Obrenovitch et al., 1988b) . If the ischaemic severity is such that the tissue becomes unable to sustain transmembrane ionic homeostasis, then membrane depolarization occurs, associated with a sudden and large increase in H+ permeability (Thomas and Meech, 1982) , which equilibrates H + concentration between the extracellular and interstitial space.
In conclusion, the results of this study showed a clear overall pattern with PCr appearing to be more sensitive to reduced blood flow than ATP or lac tate. However, since there is evidence of inhomo geneity in the topographical studies of pH possibly reflected in variations in the metabolic data, thresholds are difficult to assign precisely. The analysis of the relationship between local tissue pH and concentration in lactate substantiated that the brain tissue acidification produced by ischaemia is closely related to lactate accumulation.
